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HypochordIn vertebrates, embryonic structures present at the dorsal midline, prechordal plate, notochord, hypochord
and ﬂoor plate share a common embryonic origin. In zebraﬁsh, they derive from a pool of progenitors located
within the embryonic shield at the onset of gastrulation. The molecular mechanisms responsible for the
common development of these structures remain unknown. Based on their spatial and temporal expression,
transcription factors of the Forkhead box A (FoxA) family appeared to be good candidates to play such a role.
In agreement with this hypothesis, we found that simultaneous knockdown of FoxA2 and FoxA3 abolish the
formation of all axial derivatives, while overexpression of these transcription factors strongly enlarges dorsal
mesodermal territories. We establish that, in FoxA2–FoxA3 double morphants, precursors of axial tissues are
correctly induced at early gastrula stage, but their dorsal midline identity is not maintained during
development and we found that progenitors of these tissues are cell-autonomously re-speciﬁed to form
muscle ﬁbers as well as cells of the ventral neural tube. Our study provides the ﬁrst example of a speciﬁc loss
of all dorsal midline tissues and demonstrates that members of the FoxA family have redundant functions
essential to maintain the axial identity of prechordal plate, notochord, ﬂoor plate and hypochord progenitors
during gastrulation.e).
Inc.Published by Elsevier Inc.Introduction
The vertebrate body plan is organized around a set of structures
present at the dorsalmidline, which includes the notochord, the organ
that deﬁnes the phylum Chordata and contributes to the formation of
the vertebral column. In zebraﬁsh these structures also include the
prechordal plate, which differentiates into hatching gland, the ﬂoor
plate and the hypochord. The ﬂoor plate, located immediately above
the notochord, corresponds to the ventral most part of the neural tube
while the hypochord, located below the notochord, is a transient
structure important for aorta development (Cleaver and Krieg, 1998).
These axial tissues originate from a common pool of precursors
located at the dorsal gastrula margin, within the embryonic shield,
which is the equivalent of the Spemann organizer (Shih and Fraser,
1995; Melby et al., 1996; Latimer et al., 2002; Latimer and Appel,
2006). Consequently, surgical or genetic removal of the embryonic
shield prevents the formation of prechordal plate, notochord, ﬂoor
plate and hypochord (Shih and Fraser, 1996; Fekany et al., 1999;
Saude et al., 2000). Similar observations of a common origin of these
tissues have been reported in other vertebrates. In particular, cell-
lineage analyses using quail-chick chimeras shows that the Hensen's
node, the chick organizer, gives rise to notochord, ﬂoor plate and todorsal endoderm (Catala et al., 1995, 1996; Charrier et al., 1999; Le
Douarin et al., 1998).
At the molecular level, the dorsal axial territory is speciﬁed and
patterned by Nodal activity (Saude et al., 2000; Gritsman et al., 2000;
Thisse et al., 2000). Downstream of Nodal, two transcription factors
expressed at the dorsal margin are important for axial structures
formation: Notail (Ntl) the zebraﬁsh homologue of Brachyury
(Schulte-Merker et al., 1992, 1994) and Floating head (Flh), the
zebraﬁsh homologue of Not (Talbot et al., 1995). In ntl mutants, both
the notochord and hypochord are missing and an excess of ﬂoor plate
cells is generated (Schulte-Merker et al., 1994; Rissi et al., 1995;
Halpern et al., 1997). Flh mutants display a complete lack of
notochord, hypochord and part of the ﬂoor plate (Talbot et al.,
1995; Halpern et al., 1995). Further analyses suggest that Flh is
required in the chordamesoderm to maintain the identity of
notochord progenitors by preventing acquisition of paraxial meso-
dermal fate (Halpern et al., 1995). Although Ntl and Flh are required
for the formation of dorsal midline tissues, the hatching gland and
part of the ﬂoor plate remain present in ntl;ﬂh double mutant
(Halpern et al., 1997).
To identify other transcription factors involved in the formation of
axial structures, we searched for those expressed at early gastrula
stages within the dorsal margin and the embryonic shield. Amongst
them are members of Forkhead box A (FoxA) family. These proteins
are characterized by the presence of a conserved Forkhead DNA
binding domain (Weigel and Jackle, 1990). This domain displays a
winged helix structure similar to the globular domain of histone H5,
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zebraﬁsh, the FoxA family is composed of four members (FoxA1,
FoxA2, FoxA3 and FoxA). FoxA2, foxA3 and foxA are co-expressed in
the embryonic shield and in the chordamesoderm at early gastrula
stage while the expression of foxA1 starts later, after the end of
gastrulation. Studies on orthologs of these genes have been reported
in mouse, chicken and frog embryos (Odenthal and Nusslein-Volhard,
1998; Kaestner et al., 2000) and shown that they are also expressed in
axial mesoderm (Ang et al., 1993; Bolce et al., 1993; Dirksen and
Jamrich, 1992; Knochel et al., 1992; Lef et al., 1996; Monaghan et al.,
1993; Ruiz i Altaba and Jessell, 1992; Ruiz i Altaba et al., 1993a, 1993b,
1995). Functional analyses of foxA genes in different species highlight
their importance in the formation of axial structures. In Xenopus, gain
of function of FoxA4a (Pintallavis) induces ectopic ﬂoor plate in the
hindbrain (Ruiz i Altaba et al., 1993b), while overexpression of foxA2
inhibits the formation of dorsal mesoderm (Suri et al., 2004). In
mouse, targeted deletion of foxa2 abolishes node formation, resulting
in the lack of notochord and dorso-ventral patterning defects of the
neural tube (Ang and Rossant, 1994; Weinstein et al., 1994). In
zebraﬁsh the phenotype of the foxA2 mutant (monorail) is much
weaker and is characterized by a failure of ﬂoor plate differentiation,
while the rest of the axial structures remains unaffected (Norton,
et al., 2005). No phenotype affecting the axial structures has been
described for FoxA3 morphants.
Here we present evidences that FoxA1, FoxA2 and FoxA3 have
redundant activities essential for the formation as well as differen-
tiation of dorsal midline structures. The simultaneous loss of function
of these three genes provides the ﬁrst example of a phenotype
restricted to the dorsal midline resulting in a complete absence of all
axial structures in zebraﬁsh embryos. We show that, in the absence of
FoxA1, A2 and A3 activity, axial tissues are induced but are not
maintained during gastrulation. Instead dorsal midline progenitors
induced at early gastrula stage are cell-autonomously re-speciﬁed to
paraxial mesoderm and ventral neurectoderm fates. This shows that
FoxA proteins are required to maintain the axial identity of dorsal
midline progenitors.
Results
FoxA2 and FoxA3 have redundant functions essential for the formation of
all axial structures
To determine whether FoxA transcription factors are required for
the formation of axial structures in zebraﬁsh, we analyzed their
function by using single or multiple morpholino knockdowns.
Inactivation of FoxA2 leads to ventrally curved embryos that fail to
differentiate the ﬂoor plate (Fig. 1B, G, Q, and V; 95%, n=202), a
phenotype identical to monorail/foxA2 mutant (Norton et al., 2005).
Knockdown of FoxA3 results in an increased accumulation of its
transcript in the embryonic axis as revealed by in situ hybridization
(Fig. 2M and N). Therefore, the complete inactivation of FoxA3
requires the use of two morpholinos at high concentration. Under
these conditions, knockdown of FoxA3 leads to an absence of hatching
gland characterized by the lack of hgg1 (a terminal differentiation
marker of the hatching gland which encodes the Cathepsin L1b, one of
the hatching enzymes) expression at 24 hpf (Fig. 2E; 100%, n=311).
In these morphants, the prechordal plate markers goosecoid (gsc)
and noggin1 (nog1) are expressed normally at gastrula stage (Fig. 2F
and G), but the expression of hgg1 is not initiated (Fig. 2H). This shows
that in FoxA3 morphants the anterior axial mesoderm, the prechordal
plate, is properly induced but failed to differentiate into hatching
gland. Looking for potential effects on the expression of other axial
mesoderm markers, we found that FoxA3 morphants maintain
expression of ntl in the prechordal plate during gastrulation, while
transcript for this gene rapidly disappeared from this territory inwild-
type (Fig. 2K and O). This may suggest that the lack of differentiationof prechordal plate into hatching gland may be due to the ectopic
expression of ntl in this territory. However, injection of FoxA3
morpholinos in homozygous ntl mutants does not rescue the
differentiation of the prechordal plate (Fig. 2P). Finally, in addition
to the lack of hatching gland, a small fraction (8%, n=311) of FoxA3
morphants shows a locally disorganized notochord (data not shown).
While foxa2 mutation has a dramatic effect on axial mesoderm
development in mouse, the single inactivation of FoxA2 or FoxA3 in
zebraﬁsh only affects ﬂoor plate or hatching gland formation,
respectively. Because these transcription factors are co-expressed at
the dorsal midline they may be partially redundant for the formation
of axial structures. We probed this hypothesis by performing
combined knockdown of FoxA2 and FoxA3. For two-thirds of the
embryos, the notochord is truncated caudally (Fig. 1D, I, and N; 62%
n=434) and often presents local disorganizations, with notochordal
cells invading the overlying neural tube (Fig. 1I and N; Fig. S1B and C).
In addition, the remaining notochordal cells appear smaller than in
wild-type (Fig. S1B and E). The last third of embryos displays a
stronger phenotype with a complete deletion of notochord and fusion
of somites underneath the neural tube (Fig. 1E, J, and O; 35%, n=434).
In addition, double morphants have shorter and disorganized ﬂoor
plate and hypochord (Fig. 1S and X) or do not show any ﬂoor plate or
hypochordal cells (Fig. 1T and Y). When some ﬂoor plate cells are
remaining in the embryo, instead of displaying their characteristic
cuboidal shape, they appear elongated along the dorso-ventral axis of
the neural tube (Fig. S1D–F).
In conclusion, the double inactivation of FoxA2 and FoxA3 strongly
disrupts or even abolish the formation of all axial structures: hatching
gland, notochord, ﬂoor plate and hypochord.
Because the penetrance of the strongest phenotype, characterized
by a complete loss of midline structures in FoxA2–FoxA3 morphants,
is rather low we hypothesized the existence of possible redundant
activities carried by the other FoxA family members: FoxA1 and FoxA.
While single knockdown of FoxA1 does not affect embryonic
development (Fig. S2B and C), combined inactivation of FoxA1,
FoxA2 and FoxA3 results in a complete lack of axial structures in
almost all triple morphants (98% n=55; Fig. S2D, F, and I). This shows
that FoxA1 contributes at least partially to the development of axial
midline tissue. However, because its expression initiates much later
than foxA2 and foxA3 (Fig. S2A, early somitogenesis), its function has
not been analyzed further. Finally, morpholino knockdowns of FoxA
did not reveal any role for this factor in the formation or
differentiation of the axial structures (data not shown).
FoxA transcription factors are required for the maintenance of axial
structures
The lack of dorsal midline structures in FoxA genes knockdown
may be due either to an impairment of the induction of axial
precursors at blastula and early gastrula stages, or to a defect in the
maintenance and differentiation of these precursors. To distinguish
between these two hypotheses, we analyzed the expression of axial
and paraxial mesoderm markers during gastrulation. At late gastrula
stage, twist2 (a marker of chordamesoderm) and myf5 (a marker of
paraxial mesoderm) expression domains remained unaffected in
FoxA2 morphants (Fig. 3B and G). In the absence of FoxA3, the
chordamesoderm is slightly narrower while the paraxial mesoderm is
weakly extended toward the midline (Fig. 3C and H). In double
morphants, twist2 expression is either strongly diminished or almost
abolished (Fig. 3D and E), while myf5 expression domain is dorsally
expanded (Fig. 3I) and can even be fused along the axis (Fig. 3J; 6%
n=38). Because the absence of axial midline could result from a
failure in its induction, we looked at the presence of axial mesoderm
precursors at the beginning of gastrulation using molecular markers
speciﬁc of the dorsal margin at the shield stage: ﬂh (Fig. 3K–N),
chordin and fadd (data not shown). In the absence of FoxA2 and
Fig. 1. FoxA2 and FoxA3 have redundant activities essential for the formation of axial structures. (A) Schematic representation of the axial structures in a wild-type embryo at 24 hpf (hatching gland, pink; ﬂoor plate, red; notochord, orange;
hypochord, yellow) and of their progenitors (inset) at the dorsal margin of early gastrula. (B) FoxA2morphant is ventrally curved and shows failure in ﬂoor plate differentiation (white arrowhead in G). (C) FoxA3morphant lacks the hatching
gland but develops the rest of axial structures. (D–E) FoxA2–FoxA3 double morphants are strongly impaired for notochord development. Mild phenotype (D) is characterized by a caudal truncation and by local disorganizations (black
arrowhead in I) of the notochord. (E) Strong phenotype is characterized by a complete lack of notochord. (F–J) High magniﬁcation of the truncal region of embryos presented in A–E, that shows ﬂoor plate (fp), notochord (nc) and hypochord
(hc). (K–Y) Analysis of molecular markers speciﬁc of notochord (im:7144261, K–O), ﬂoor plate and hypochord (col2a1a, P–T) and ﬂoor plate (spondin1a, U–Y) at 24 hpf in the trunk region. Embryos are in lateral views, anterior to the left.
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Fig. 2. Phenotype of FoxA3 morphants. (A and E) FoxA3 morphants do not present any cells expressing the hatching gland marker hgg1 at 24 hpf (E) compared to wild-type (A).
(B–D, F–H). Analysis of prechordal plate (nog1 and gsc) and hatching gland (hgg1) marker expression during gastrulation in wild-type (B–D) and FoxA3 morphants (F–H). At shield
stage, nog1 expression is normal in FoxA3 morphant (F). At 80% epiboly, gsc is correctly expressed in FoxA3 morphant (G), while hgg1 expression is absent (H). (I–J, M–N) foxA3
expression is increased at early (M) and late gastrula stage (N) in FoxA3 morphants compared to wild-type (I and J). (K and O) ntl is ectopically expressed in the prechordal plate of
FoxA3morphant (arrowhead, O) compared to wild-type (K) at 80% epiboly. (L and P) Injection of MO-FoxA3 prevents the formation of hatching gland in ntl­/­ mutant at 30 hpf. (A, E,
L, and P) Frontal views, dorsal up. (B, F, I, and M) Lateral views, animal pole up. (C, D, G, H, J, K, N, and O) Dorsal views, animal pole up.
487S. Dal-Pra et al. / Developmental Biology 350 (2011) 484–495FoxA3, ﬂh expression is indistinguishable from wild-type at the onset
of gastrulation (Fig. 3K and L) and is still detectable at 80% epiboly
(Fig. 3M and N). The same results have been observed for chordin and
fadd (not shown). This indicates that the induction of axial midline
precursors occurs normally in double FoxA2–FoxA3 morphants.
Therefore these two factors are not required for the induction but
for the maintenance of axial structure precursors.
FoxA2 or FoxA3 overexpression enlarges axial mesoderm at gastrula
stage
To conﬁrm the involvement of FoxA2 and FoxA3 activities in axial
mesoderm development, we analyzed the effect of their gain of
function on the formation of notochord and prechordal plate
territories. Embryos were injected at the 1-cell stage with foxA2
(100 pg) or foxA3 (25 pg) RNA and the resulting phenotypes were
analyzed by double in situ hybridization using combinations of
prechordal plate and notochord markers: gsc/ﬂh and hgg1/sonic
hedgehog (shh). As shown in Fig. 4, overexpression of these factors
strongly enlarges axial mesoderm territory. For -third of the embryos,
the expression domains of ﬂh and shh are weakly expanded (30%
n=37 for foxA2, 28% n=32 for foxA3; Fig. 4B and F), while for another
third of embryos, their expression is strongly widened (35% n=37 for
foxA2, 41% n=32 for foxA3; Fig. 4C and G). For the remaining embryos,
the axial mesoderm is so enlarged that it splits in two distinct axes
(32% n=37 for foxA2, 31% n=32 for foxA3; Fig. 4D and H). Insummary, while FoxA2–FoxA3 knockdown reduces or abolishes axial
mesoderm formation, their gain of function results in an opposite
phenotype with a strongly enlarged axial mesoderm.
Change of fate of FoxA2–FoxA3 depleted cells
Despite the complete loss of axial structures at 24 hpf in FoxA2–
FoxA3 morphants, precursors of axial tissues are induced and present
at the midline of gastrula embryos. These axial precursors may have
died or halted proliferation. We probed these hypotheses by
performing both a TUNEL assay and a phosphohistone H3 immunos-
taining to reveal either apoptotic or proliferative cells. At all stages
analyzed (from gastrula to 24 hpf) we did not ﬁnd differences along
the axial midline between single or double morphants and wild-type
embryos (Fig. S3 and data not shown). The only noticeable defect was
an increase of apoptosis in the dorsal part of the posterior neural tube
during somitogenesis in FoxA2–FoxA3morphants (Fig. S3I and J). This
is more likely a secondary consequence of the lack of notochord and
ﬂoor plate, which are known to be the source of anti-apoptotic factors
such as Sonic Hedgehog (Teillet et al., 1998). Therefore, loss of axial
structures does not result from the death or the lack of proliferation of
axial progenitors.
An alternative hypothesis to explain the lack of these tissues is cell-
lineage re-speciﬁcation of their progenitors.
To test this hypothesis we compared lineages of double morphants
and of wild-type cells after heterochronic transplantation at the
Fig. 3. FoxA2 and FoxA3 are required for the maintenance but not for the induction of axial mesoderm. (A–J) Expression at 80% epiboly of the chordamesoderm marker twist2 (A–E) and the paraxial mesoderm markermyf5 (F–J) in FoxA2 (B
and G) or FoxA3 (C and H) and FoxA2–FoxA3 (D, E, I, and J) morphants. twist2 andmyf5 expressions are identical to wild-type (A and F) in FoxA2 morphants or slightly affected in FoxA3 morphants. In double FoxA2–FoxA3 morphants, axial
mesoderm is narrower (D) or almost absent (E), while paraxial mesoderm is dorsally extended (I) or partially fused along the dorsal midline (J). (K–N) ﬂh expression domain in FoxA2–FoxA3 morphants is not affected at the shield stage (L)
and is narrower at 80% epiboly (N) compared to wild-type (K and M). Dorsal views, anterior up except (K and L) lateral views.
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Fig. 4. Gain of FoxA2 or FoxA3 function enlarges the axial mesoderm territory. Analysis of the axial mesoderm territory at midgastrula stage with two combinations of prechordal
plate (red)/notochord (blue) markers, gsc/ﬂh (A–D) and hgg1/shh (E–H). Embryos injected with foxA3 RNA present an enlargement of ﬂh (B–D) and shh (F–H) expression domains
compared to wild-type (A and E). When the axial mesoderm is massively enlarged, it splits in two distinct axes (arrow in D). Dorsal views, anterior up.
489S. Dal-Pra et al. / Developmental Biology 350 (2011) 484–495blastula margin. Transplants from donor blastulas that are 1 h older
than host embryos (Fig. 5A) have an increased frequency to contribute
to axial structures (Halpern et al., 1995). We used this property to
direct donor cells to the dorsal midline. In these conditions,
transplanted wild-type cells contribute to axial structures (64%Fig. 5. Heterochronic transplantation of FoxA2–FoxA3 morphant cells in wild-type
embryos. (A) Schematic representation of the heterochronic transplantation strategy.
(B) Wild-type cells labeled with GFP, heterochronically transplanted in the marginal
region of a wild-type host embryo populate the axial structures (notochord, hypochord
and ﬂoor plate) at 24 hpf. (C and D) Transplanted Flh morphant cells can form muscle
ﬁbers at 24 hpf. (E and F) Donor cells inactivated for FoxA2–FoxA3 can form muscle
ﬁbers and spinal cord neurons. (G–L) Molecular identity of the transplanted FoxA2–
FoxA3 morphant cells assessed by double labeling of GFP (H and K) and the axial
structures marker col2a1a (G) or the spinal cord neurons marker snap25a (J). The GFP
positive cells never express col2a1a (I) but are present in the ventral neural tube where
they differentiate into neurons (includingmotor neurons extending their axons, arrows
in (H) and are located next to snap25a expressing cells (L). (B–L) Lateral views of the
trunk region, anterior to the left.n=25; Fig. 5B) and with a lower frequency to muscle ﬁbers (48%
n=25; data not shown). This approach was previously used to
evaluate the role of Flh during axial structure development, and
therefore we use donor cells morphant for Flh as a control. Upon
transplantation, Flh-depleted cells never participate to the notochord
but instead give rise to muscle ﬁbers and with a lower frequency to
ﬂoor plate cells (Fig. 5C and D). This reproduces the published
observations (Halpern et al., 1995). Similarly, FoxA2–FoxA3-depleted
donor cells never contribute to the notochord (Fig. 5E and F) but form
muscle ﬁbers (75% n=179). However, in addition to these paraxial
mesoderm derivatives, we also observed FoxA2–FoxA3 morphant
cells in the neural tube (45% n=179). To conﬁrm the identity of the
transplanted cells present in the spinal cord, we co-labeled the
transplanted embryos with an anti-GFP antibody (to reveal the
transplanted cells) combined with an RNA probe speciﬁc for either
axial structures (col2a1a) or spinal cord neurons (snap25a). Trans-
planted cells never co-localized with the col2a1a marker (Fig. 5G–I),
showing the inability of morphant cells to contribute to the ﬂoor plate.
Instead most of them co-localize with snap25a in ventral and lateral
part of the spinal cord (Fig. 5J–L). Noticeably, some morphant cells
give rise to motor neurons extending their axons ventrally (arrow-
heads in Fig. 5H).
In summary, in a wild-type environment, cells inactivated for
FoxA2 and FoxA3 are no longer able to form axial structures, but
instead, contribute to the formation of muscle and neural tube.FoxA2 and FoxA3 are required cell-autonomously to form axial
structures
The inability of FoxA2–FoxA3 morphant cells to contribute to axial
structures in a wild-type environment suggests that these factors are
required cell-autonomously for the formation of these tissues. To
probe this, we grafted wild-type cells, labeled with GFP, into FoxA2–
FoxA3 double morphant embryos. In these conditions we observed
the formation of stretches of notochord and ﬂoor plate (35% n=95,
Fig. 6A and B). These structures, which express im:7144261 and
col2a1a, are exclusively composed of grafted ﬂuorescent cells (Fig. 6C–
H). Therefore, wild-type cells remain able to form and differentiate
axial structures in an environment depleted for FoxA2 and FoxA3, but
they are unable to recruit double morphant cells in these tissues. We
conclude that FoxA2 and FoxA3 are required cell-autonomously for
axial structures development.
Fig. 6.Wild-type cells transplanted into FoxA2–FoxA3 morphant embryos form axial structures in a cell autonomous manner. (A and B) Trunk region of FoxA2–FoxA3 morphants at
24 hpf after transplantation of wild-type cells labeled with GFP. Wild-type cells form stretches of axial structures composed exclusively of transplanted cells. (C–H) Identity of the
transplanted cells analyzed by labeling of GFP (D and G) with the notochord marker im:7144261 (C) or the ﬂoor plate and hypochord marker col2a1a (F). All cells expressing col2a1a
and im:7144261 are also labeled for GFP (E and H). Lateral views, anterior to the left.
Fig. 7. Cell-lineage analysis of dorsal midline progenitors. (A–D) Schematic representation of the cell-lineage strategy. (A) One marginal blastomere of a 128-cell stage embryo is
injected with GAP-gfp RNA. (B) At early gastrula stage, embryos displaying the GFP positive cells within the embryonic shield are isolated. The fate of the labeled cells is analyzed at
24 hpf. (C and D) In wild-type embryos, GFP positive cells populate only the axial structures and the dorsal periderm. (E–H) Dorsal marginal cells labeled with GFP and depleted of
Flh activity differentiate into muscle ﬁbers and ﬂoor plate in Flh morphant embryos (E and F) and in wild-type embryo (G and H). (I–L) Dorsal marginal cells labeled with GFP and
depleted of FoxA2 and FoxA3 activities participate in the formation ofmuscle ﬁbers and cells of the ventral neural tube in FoxA2–FoxA3morphants (I and J) and inwild-type embryos
(K and L). (M and N) Quantitative analysis of the repartition of the GFP-labeled cells in the hatching gland (HG), notochord (NC), ventral spinal cord (VSC) and in muscle ﬁbers
(MF), when they differentiate in a morphant (M) or wild-type environment (N). (A) Lateral view, anterior up. (B) Animal pole view, dorsal to the right. (C–L) Lateral views, anterior
to the left.
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Fig. 8. Flh and FoxAs transcription factors are both essential for the maintenance of axial structures. (A–H) Expression at 24 hpf of the notochord marker im:7144261 (A–D) and the
ﬂoor plate and hypochord marker col2a1a (E–H). Embryos injected with low dose of MO-Flh (0.8 ng) (B and F) or MO-FoxA2–FoxA3 (3 × 4 ng) (C and G) display weak phenotypes
compared to wild-type (A and E). With the same amount of morpholinos, the triple inactivation of Flh, FoxA2 and FoxA3 completely abolishes notochord (D), ﬂoor plate and
hypochord (H) development. (I–P) Expression at 80% epiboly of the chordamesodermmarker twist2 (I–L) and paraxial mesodermmarkermyf5 (M–P). Partial Flh (J and N) or FoxA2–
FoxA3 (K and O) morphants show a slight reduction of axial mesoderm. Partial Flh-FoxA2–FoxA3 triple morphants lack all axial mesoderm (L) that is accompanied by a complete
fusion of paraxial mesoderm along the dorsal midline (P). (Q–T) Expression of ﬂh at the shield stage in strong Flh (R), FoxA2–FoxA3 (S) and Flh-FoxA2–FoxA3 (T) morphants is
similar to wild-type embryo (Q). (A–H) Lateral views, anterior to the left. (I–P) Dorsal views, anterior up. (Q–T) Lateral views, dorsal to the right.
491S. Dal-Pra et al. / Developmental Biology 350 (2011) 484–495In the absence of FoxA2 and FoxA3, axial progenitors are cell-autonomously
re-speciﬁed into paraxial mesoderm and neurectoderm
Transplantation experiments strongly suggest that the axial meso-
derm progenitors present at the onset of gastrulation in double FoxA2–
FoxA3 morphants are re-speciﬁed as paraxial mesoderm and neurecto-
derm. However, in heterochronic transplantation of wild-type cells in
wild-type embryos, grafted cells also form muscles. So the grafts may
contain cells already committed to a paraxial mesodermal fate.
To overcome this experimental limitation, we developed a lineage
tracing strategy to follow development of axial midline progenitors in
wild-type or FoxA2–FoxA3 morphant embryos. We injected one
marginal blastomere at the 128-cell stage with GAP-gfp RNA to
generate a GFP-labeled clone (Fig. 7A) and analyzed its localization at
early gastrula stage (Fig. 7B). Embryos displaying a ﬂuorescent clone
at the dorsal margin, within the shield, were allowed to develop until
24 hpf. At that stage, the fate of the axial midline progenitors was
determined based on the position and shape of the ﬂuorescent cells
(Fig. 7C and D). In wild-type controls, cells from the dorsal margin
contributed to the axial structures: the hatching gland, notochord,hypochord and ﬂoor plate (Fig. 7C and D). We never observed cells in
adjacent tissues like somites, but we sometimes observed labeling of
dorsal peridermal cells that derive from the EVL cells formed at the
level of the shield.Whenwe performed this analysis in Flhmorphants,
we found that axial midline precursors contribute to hatching gland
and ﬂoor plate but that instead of notochord and hypochord cells, they
form muscle ﬁbers (Fig. 7E, F, and M). These results are in good
agreement with the role of Flh in promoting notochord development
by blocking a paraxial mesoderm fate in notochord progenitor cells
(Halpern et al., 1995). In strong FoxA2–FoxA3 morphants, cells of the
dorsal margin never give rise to any axial tissues. Instead, half of the
GFP-labeled cells formmuscle ﬁbers, while the other half are found in
the ventral part of the spinal cord and can differentiate into neurons
(Fig. 7I, J, and M). This last group of cells does not include ﬂoor plate
cells: labeled cells never express the ﬂoor plate markers spondin1a or
foxA2 (Fig. S4A–D and not shown). These results are consistent with
the data obtained from our transplantation experiments, and suggest
a shift from axial midline to paraxial mesoderm and ventral
neurectoderm in embryos lacking both FoxA2 and FoxA3. Addition-
ally, to assess cell-autonomy, we analyzed the consequences of a
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progenitor cells. In a control experiment using Flh morpholino, dorsal
midline progenitors lacking Flh function never contribute to the
notochord, but switch to paraxial mesodermal fate and differentiate to
muscle ﬁbers in a wild-type background (Fig. 7G, H, and N). FoxA2–
FoxA3-depleted axial progenitors that develop in a wild-type
environment no longer form axial structures, but give rise to muscle
ﬁbers and cells of the spinal cord (Fig. 7K, L, and N). Once again, this
last group of cells excludes the ﬂoor plate (Fig. S4E–H).
Altogether, these data show that, in the absence of FoxA2 and
FoxA3, the axial midline progenitors present at early gastrula stage
fail to maintain their identity. Instead, they are cell-autonomously re-
speciﬁed in paraxial mesoderm and ventral neurectoderm.
Flh, FoxA2 and FoxA3 function during gastrulation to maintain axial
mesoderm precursors
The data we presented so far suggest a possible functional
relationship between FoxA2, FoxA3 and Flh. However, at early
gastrula stage, ﬂh is correctly expressed in the absence of FoxA2 and
FoxA3 (Fig. 3L), while in Flh morphants, foxA2 and foxA3 expressions
are unaffected (Fig. S5H and J). This demonstrates that these factors
do not regulate each other transcription, and are unlikely acting
through the same signaling pathway. To assess functional overlap, we
performed a triple knockdown of Flh, FoxA2 and FoxA3 using amounts
of morpholinos that give rise to weak phenotypes for each of these
factors. In such conditions, only one-third of the Flh morphants
display defects in axial structures at 24 hpf (Fig. 8B and F; 36% n=72
for im:7144261; 37% n=41 for col2a1a), while the rest of embryos are
similar to wild-type. For weak FoxA2–FoxA3 morphants, the midline
structures show local disorganizations but they extend posteriorly in
the tail region (Fig. 8C and G; 76% n=71 for im:7144261; 76% n=38
for col2a1a). The simultaneous attenuation of Flh, FoxA2 and FoxA3
activities strongly ampliﬁes their individual phenotypes and at 24 hpf,
the lack of dorsal midline tissues is complete (Fig. 8D and H; 100%
n=68 for im:7144261; 100% n=49 for col2a1a). However, in a triple
knockdown of Flh, FoxA2 and FoxA3 using amount of morpholinos
giving rise to strong individual phenotypes, the midline progenitors
are still present, as shown by the expression of ﬂh or foxA2 (Fig. 8T and
not shown). There is a total absence of notochord territory, revealed
by the lack of twist2 expression, and a fusion of paraxial mesoderm
along the dorsal midline (Fig. 8L and P). Altogether, these data
demonstrate that Flh and FoxAs transcription factors do not act in the
same pathway in a cascade of transcriptional regulation but rather
function in parallel and are essential to maintain axial mesoderm
percursors during gastrulation.
Discussion
The axial midline tissues form a group of related, vertebrate
speciﬁc, structures originating from a common pool of cells located at
the dorsal blastula/gastrula margin. While it is well known that the
induction of these dorsal marginal domain in zebraﬁsh depends on
the early activity of signaling pathway such as Nodal (Saude et al.,
2000; Gritsman et al., 2000; Thisse et al., 2000) and thematernalWnt/
β-catenin (Kelly et al., 2000), the molecular mechanisms responsible
for the common differentiation of the axial structures are unknown.
Over the past 15 years, genetic screens have led to the identiﬁcation of
genes speciﬁcally involved in the development of midline structures
(Odenthal et al., 1996; Stemple et al., 1996). Among them, genes
encoding the basementmembrane proteins laminins and components
of the vesicular secretion pathway such as the coatomer complex
affect the terminal differentiation and morphogenesis of the noto-
chord (Stemple, 2005). In addition, transcription factors such as Ntl
and Flh and components of the Delta/Notch signaling pathway are
involved in the maintenance of the midline territory and itssubsequent patterning to form individual axial structures: the
notochord, hypochord and ﬂoor plate. The Delta–Notch signaling
pathway inhibits notochord formation while promoting hypochord
and possibly ﬂoor plate development (Appel et al., 1999; Latimer
et al., 2002; Latimer and Appel, 2006). Ntl transcription factor is
required to specify notochord and hypochord identities at the
expense of ﬂoor plate (Halpern et al., 1997). Finally, Flh is necessary
for the formation of the chordamesoderm, hypochord and part of the
ﬂoor plate (Talbot et al., 1995; Halpern et al., 1995). Therefore some of
the players acting downstream of the dorsal midline inducers have
been identiﬁed but none of them, or combination of them, is able to
affect the entire dorsal midline population. This observation is also
true for individual members of the FoxA family. However, we
demonstrate in this study that when FoxA1, FoxA2 and FoxA3 are
inactivated simultaneously, the resulting morphants lack all struc-
tures deriving from the dorsal midline. This is the ﬁrst example of a
phenotype restricted to the dorsal midline resulting in a complete
absence of all axial structures in zebraﬁsh embryo.
Role of FoxA transcription factors in vertebrates
In vertebrates, all members of the FoxA family are expressed in
axial mesoderm and endoderm, suggesting a conserved role during
the development of these tissues. Although they have been implicated
in these processes, their relative functions differ between different
FoxA members and different vertebrate species. In Xenopus, gain of
Foxa4a (Pintallavis) induces the formation of ectopic ﬂoor plate cells
in the hindbrain (Ruiz i Altaba et al., 1993b) and the overexpression of
foxA2 inhibits mesoderm formation (Suri et al., 2004). However,
because no loss of function analysis has been conducted in Xenopus,
the endogenous role of these transcription factors remains unclear. In
mouse, mutants have been generated for each member of the family.
Among them, only foxA2 mutants show defects in axial midline
formation. In these mutants, the node does not form, preventing the
induction of axial structure progenitor cells. In addition, the primitive
streak fails to elongate, and the deﬁnitive endoderm, initially induced,
fails to form the gut tube (Ang and Rossant, 1994; Weinstein et al.,
1994). In contrast the inactivation of foxA2 in zebraﬁsh results in a
mild phenotype. The ﬂoor plate fails to differentiate and the induction
and/or patterning of several neurons of the ventral spinal cord are
impaired (Norton et al, 2005).
To better understand these differences, we addressed the function of
eachmember through a morpholino knockdown approach in zebraﬁsh.
We demonstrated that, the development of axial structures depends on
the redundant activities of FoxA1, FoxA2 andFoxA3. Because these genes
are expressed in endoderm we also analyzed endoderm formation. We
found that the endoderm is correctly induced in absence of FoxA2 and
FoxA3 but thepancreas, liver, part of the intestinal bulb and the intestine
fail to differentiate properly at 96 hpf (data not shown). Despite these
similarities, the phenotype resulting from the combined inactivation of
multiple FoxA does not recapitulate all aspects of foxa2 mutant mice.
Noticeably, the shield (the zebraﬁsh equivalent of the node) forms
properly and the axial midline progenitors are induced. We cannot
exclude the possibility of an incomplete inactivation. However, because
our FoxA2 morphants recapitulate the monorail/foxA2 mutant pheno-
type andbecausewe used high concentration ofmorpholinos for each of
these transcription factors, we believe that our knockdowns are
representative of a very strong inactivation. Alternatively, it is more
likely that other proteins regulate the induction of axial progenitors in
zebraﬁsh, either independently or redundantly to FoxA activities.
Molecular mechanisms responsible for the maintenance of axial
mesoderm fate
Different mechanisms can account for the molecular activities of
FoxA transcription factors. They can promote axial mesoderm
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differentiation genes and/or the transcriptional repression of paraxial
mesoderm and neurectoderm speciﬁc genes. The FoxA proteins
have been shown to act as transcriptional activators and repressors,
depending on the model system, the organ and tissue analyzed. Four
conserved domains are present in FoxA proteins outside the Forkhead
DNA binding domain in vertebrates, and have been shown to mediate
transcription activation (Odenthal and Nusslein-Volhard, 1998; Pani
et al., 1992; Qian and Costa, 1995). However, FoxA proteins also carry
an engrailed homology-1 motif (eh1), which mediates physical
interaction with the TLE/Groucho family of co-repressors (Yaklichkin
et al., 2007). Supporting this, FoxA3 is able to represswnt8 expression
in combination with Gsc in zebraﬁsh (Seiliez et al., 2006). Similarly,
FoxA4a/Pintallavis has been shown to repress Xanf1 expression in
Xenopus (Martynova et al., 2004). Our study suggests a function of
transcriptional inhibitors during axial structures formation for FoxA
family members in zebraﬁsh. First, in absence of FoxA3, expression of
ntl fails to be turned off in the prechordal plate during gastrulation.
Second, FoxA3 downregulates its own expression. Third, the pheno-
type of foxA2 or foxA3 overexpressing embryos resembles to Xenopus
embryos overexpressing a dominant negative form of FoxA4a. Indeed
FoxA4a-EnR expressing Xenopus embryos are shorter with a lack of
anterior neural tissues. They display truncated notochords that are
often thicker and bifurcated (Saka et al., 2000). Altogether, these data
suggest that, in zebraﬁsh, FoxA proteins maintain the development of
axial structures through the transcriptional inhibition of paraxial
mesoderm and neurectoderm speciﬁc genes.
FoxA proteins have been characterized as transcriptional “pioneers”
because they can open chromatin and facilitate binding of additional
transcriptional factors (Cirillo et al., 1998, 2002; Zaret et al., 2008).More
recently, their recruitment to the chromatin has been shown to depend
on lineage-speciﬁc epigenetic signatures (Lupienet al., 2008). Therefore,
the activities of FoxA proteins appear to bemore complex than a simple
transcriptional activation or inhibition and to be highly dependent on
chromatin environments that are lineage speciﬁc. That is the reason
why the identiﬁcation of themolecular mechanisms by which the FoxA
proteins control axial structures development is challenging. In the
future, the identiﬁcation of FoxA target genes, using large-scale
microarrays analysis, will provide new important clues to complete
our understanding of axial structure formation.
FoxA proteins are required to maintain the axial identity of dorsal
midline progenitors
Following FoxA inactivation, we found that the progenitors of axial
structures are correctly induced at early stage but fail to maintain their
midline identity during gastrulation. These progenitors are neither
dying nor failing to proliferate. Instead they change their fate to other
cell types. This includesmuscleﬁbers andmore surprisingly, spinal cord
neurons. Indeed, while the re-speciﬁcation of midline progenitors from
an axial to a paraxialmesodermal fate has been previously described for
ﬂh mutant, this is the ﬁrst example of the re-speciﬁcation of cells
belonging to the axial mesoderm to another germ layer, the neurecto-
derm. This cell fate change is also different from the one observed in no
tail mutants, which is a switch from chordamesoderm to medial ﬂoor
plate, a tissue belonging to the axial structures (Halpern et al., 1997).
Therefore, in contrast to No tail or Flh, FoxAs appear to be required
for both the maintenance of midline identity and the maintenance of
cells within the mesodermal layer.
Experimental procedures
Microinjection of zebraﬁsh embryos and speciﬁcity of morpholinos used
Sequences and conditions of use for FoxA2 morpholino have been
published previously (Seiliez et al., 2006). Two morpholinos directedagainst FoxA3 have been used, MO-γ1-FoxA3: AGCTCAACATCCC-
CAAATAAAGTTG and MO-γ3-FoxA3: CTCGTAAGAAACGGGATAGT-
GACTG (Figs. S6 and S7). Both morpholinos are able to abolish the
translation of a FoxA3-GFP fusion construct (Fig. S6). The injection of
RNAs generated from a mutated FoxA3 construct resistant to both
MO-γ1 and MO-γ3 is able to rescue, at least partially, the lack of
hatching gland differentiation in FoxA3 morphants (Fig. S7). This
demonstrates the speciﬁcity of these two morpholinos.
Partial inactivation was obtained for injection of 4 ng and strong
inactivation for injection of 8 ng for each of these FoxA2 and FoxA3
morpholinos. The translation blocking morpholino for P53 has been
reported by Langheinrich et al. (2002). Sequence of translation
blocking morpholino for FoxA1: CATTTTCACTGCGCCCAACATTATG;
for Flh: GTAAGCTCTTCCGGGAATCTGCATG. MO-FoxA1 (12 ng) has
been injected for single or combined knockdowns. As a control 12 ng
of a 5-base mismatch morpholino for FoxA1 (CATTATGAGTGCCCC-
CAAGATTATG) has been injected and it does not affect the embryo
development nor enhances the penetrance of the phenotype of
complete deletion of axial structures described for FoxA2–FoxA3
double morphants. Partial inactivation of Flh has been obtained by
injection of 0.8 ng of MO-Flh. Speciﬁcity of Flh morpholino has been
established based on the identity between Flh morphant and the ﬂh
mutant (Talbot et al., 1995) phenotypes.
For overexpression and cell-lineage experiments, cDNAs of foxA2,
foxA3, GAP-gfp and gfp inserted in pCS2+ plasmid were linearized
with NotI and transcribed using SP6 RNA polymerase. Morpholinos
andmRNAswere diluted in 0.2% Phenol Red, 0.1 M KCl and injected in
the yolk sac of 1-cell stage embryos. For cell-lineage analyses,
embryos at the 128-cell stage were injected into one single marginal
blastomere with either GAP-gfp RNA alone (80 pg) or in combination
with MO-Flh (1.6 ng) or with a mix of FoxA2, FoxA3 and p53
morpholinos (2.4 ng for MO-FoxA2, Moγ1-FoxA3, Moγ3-FoxA3 and
8 ng for MO-p53).
Cell transplantation
Donor embryos were either injected with gfp RNA (50 pg) alone or
with MO-FoxA2–FoxA3 (3 × 8 ng) or with MO-Flh (1.6 ng). Host
embryos were either uninjected wild-type or FoxA2–FoxA3 mor-
phants (3 × 8 ng). For transplantation, embryos were placed into
wells (0.75 mm width × 1.5 mm depth) of a 2% agarose mould
containing Danieau 1× supplemented with 2% penicillin/streptomy-
cin. Cells from sphere donor embryos (4 hpf) were transplanted at the
margin of 1 k-cell stage host embryos (3 hpf) as previously described
(Halpern et al., 1995). The number of grafted cells was in between 20
and 300.
Whole-mount in situ hybridization
Whole-mount in situ hybridizations were performed as described
previously (Thisse and Thisse, 2008). twist2 (MGC:101904), foxA3,
myf5 (CB641), hgg1-cathepsin L, 1 b (CB15), foxA1 (MGC:65744),
spondin1a (CB1051), im:7144261, synaptosome-associated protein 25a
(snap25a - MGC:73063), α-tropomyosin (MGC:77897) antisense RNA
were synthesized as described (http://zﬁn.org). The probe for foxA2
was prepared as described by Strahle et al. (1993), for ﬂh as described
by Talbot et al. (1995), for nog1 as described by Fürthauer et al.
(1999), for gsc as described by Thisse et al. (1994), for shh as described
by Krauss et al. (1993), for col2a1a as described by Yan et al. (1995).
Double whole-mount in situ hybridization was performed as
described by Thisse et al. (2004).
Immunoﬂuorescence
Fluorescent in situ hybridization (FISH) was performed as
previously described (Filippi et al., 2007). When the FISH was
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FISH, embryos were treated 30 min with H2O2 1% in PBT, washed in
PBTD (PBS, 0.1% tween-20, 1% DMSO), blocked several hours in PBTD
containing 10% normal goat serum (Vectastain) and 1% BSA (Sigma-
Aldrich) and incubated overnight at 4°C with a dilution 1:100,000 of
rabbit anti-GFP antibody (Abcam, ab290). Primary antibody was
washed off by 6 times 20 min in PBTD. After several hours in PBTD
containing 1% Blocking Reagent (Molecular Probes, TSA Kit #12),
embryos were incubated overnight at 4 °C with a 1:800 dilution of
anti-rabbit-HRP antibody (TSA Kit #12). Embryos were stained using
the TSA Kit #40 Alexa Fluor 555 Tyr (Molecular Probes) following
instructions of the manufacturer.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.12.018.
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